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Abstract 

Tlie charged current antikaon production off nucleons induced by antineutrinos is studied at low and 
intermediate energies. We extend here our previous calculation on kaon production induced by neutrinos. We 
have developed a microscopic model that starts from the SU(3) chiral Lagrangians and includes background 
terms and the resonant mechanisms associated to the lowest lying resonance in the channel, namely, the 
I]*(1385). Our results could be of interest for the background estimation of various neutrino oscillation 
experiments like MiniBooNE and SuperK. They can also be helpful for the planned i?— experiments like 
MINERj/A, NOi^A and T2K phase II and for beta-beam experiments with antineutrino energies around 
1 GeV. 
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I. INTRODUCTION 



Weak interaction experiments with neutrino energies around 1 GeV are quite sensitive to the 
neutrino oscillation parameters and as a consequence many experiments like MiniBooNE, Sci- 
BooNE, K2K, T2K, NOi^A, etc. explore this energy range. Although many interesting results can 
be obtained without a detailed knowledge of the various processes used for the neutrino detection 
or the neutrino flux, a reliable estimate of the z^— N cross section for various processes is mandatory 
to carry out a precise analysis of the measurements. 

Among these processes, strangeness conserving (AS* = 0) weak interactions involving quasielas- 
tic production of leptons induced by charged as well as neutral weak currents have been widely 



7|. Much work has also been done to understand one pion production in the weak 
2|. There are other inelastic reactions like hyperon and kaon production (AS = ±1) 
that could also be measured even at quite low energies. However, very few calculations study 



these processes |l6l422l|. This is partly justified by their small cross sections due to the Cabibbo 
suppression. As a result of this situation, the Monte Carlo generators used in the analysis of the 
current experiments apply models that are not well suited to describe the strangeness production 
at low energies. NEUT, for example, used by Super-Kamiokande, K2K, SciBooNE and T2K, only 
considers associated production of kaons within a model based on the excitation and later decay of 



baryonic resonances and from deep inelastic scattering (DIS) [23] ■ Similarly other neutrino event 



generators hke NEUGEN [2|], NUANCE 



251] (see also discussion in Ref. [M]) and GENIE [27|] do 



not consider single hyperon/kaon production. 

Recently we have studied single kaon production induced by neutrinos at low and intermediate 



energies 



22| using Chiral Perturbation Theory (xPT). We found that up toF,^^ ~ 1.2 GeV, single 



kaon production dominates over the associated production of kaons along with hyperons which is 
mainly due to its lower threshold energy. 

In this work, we extend our model to include weak single antikaon production off nucleons. The 
theoretical model is necessarily more complicated than for kaons because resonant mechanisms, 
absent for the kaon case, could be relevant. On the other hand, the threshold for associated 
antikaon production corresponds to the K — K channel and it is much higher than for the kaon 
case (KY). This implies that the process we study is the dominant source of antikaons for a wide 
range of energies. 

The study may be useful in the analysis of antineutrino experiments at MINERi/A, NOz^A, T2K 
and others. For instance, MINERi/A has plans to investigate several strange particle production 
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reactions with both neutrino and antineutrino beams 2811 with high statistics. Furthermore, the 



301 1 will work at energies where the single 



T2K experiment [29] as well as beta beam experiments 
kaon/antikaon production may be important. 

We introduce the formalism in Sec. HIl In Sec. IIIH we present the results, discussions and 
conclusions. 

II. FORMALISM 

The basic reaction for antineutrino induced charged current antikaon production is 

i?i{k) + N{p) ^ l{k') + N\p') + K{pk), (1) 

where I = e"*",//^ and N&iN' are nucleons. The expression for the differential cross section in the 
laboratory frame for the above process is given by 

where k(k') is the momentum of the incoming(outgoing) lepton with energy E{E'), p{p') is the 
momentum of the incoming (outgoing) nucleon. The kaon 3-momentum is pk having energy E^, M 
is the nucleon mass, is the square of the transition amplitude averaged(summed) over the 

spins of the initial(final) state. It can be written as 

M = ^ j.J^ = -^ja ,\ ^^ J", (3) 

where and are the leptonic and hadronic currents respectively, Gp = \/2-^^p- is the Fermi 
coupling constant, g is the gauge coupling and Mw is the mass of the PF-boson. The leptonic 
current can be readily obtained from the standard model Lagrangian coupling the W bosons to 
the leptons 
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fW- + h.c. . (4) 



2V2 

We construct a model including non resonant terms and the decuplet resonances, that couple 
strongly to the pseudoscalar mesons. The same approach successfully describes the pion production 
case (see for example Ref. 



111]). The channels that contribute to the hadronic current are depicted 
in Fig. [TJ There are s-channels with S, A(SC) and S*(SCR) as intermediate states, a kaon pole 
(KP) term, a contact term (CT), and finally a meson (7rP,r/P) exchange term. For these specific 
reactions there are no u-channel processes with hyperons in the intermediate state. 




N(p) ]V(p') 



FIG. 1: Feynman diagrams for the process DN — ^ IN'K. First row from left to right: s-channel E,A 
propagator (labeled SC in the text), s-channel S* Resonance (SCR), second row: kaon pole term (KP); 
Contact term (CT) and last row: Pion(Eta) in flight (TrP/ryP). 



The contribution coming from different terms can be obtained from the Lagrangian. We 
follow the conventions of Ref. [3l| to write the lowest-order SU(3) chiral Lagrangian describing the 
interaction of pseudoscalar mesons in the presence of an external current, 

f2 f2 



(5) 



where the parameter f-j^ = 92.4 MeV is the pion decay constant, U{x) = exp {i^^^^ is the SU(3) 
representation of the meson fields 4'{x) and D^^JJ is its covariant derivative 



D,,U = d^U -ir^U + iUl^. 



(6) 



For the charged current case the left and right handed currents and are given by 



0, i, = -^{w;t+ + w^t.), 



(7) 



with the W boson fields and 



^ Vud Vus ^ 










Vud 
Vus 



Here, Vij are the elements of the Cabibbo-Kobayashi-Maskawa matrix. The second term of the 
Lagrangian of Eg . [5l that incorporates the explicit breaking of chiral symmetry coming from the 



quark masses 



3l|, is not relevant for our study. 



The lowest-order chiral Lagrangian describing the interaction between baryon-meson octet in 
the presence of an external weak current can be written in terms of the SU(3) matrix as 



= TV [B {ilp - M) B] - ^Tr {B^'^^^iu^, B}) - ^Tr {Bj'^^,[u^, B]) 



(8) 



where M denotes the mass of the baryon octet, and the parameters D = 0.804 and F = 0.463 can 
be determined from the baryon semileptonic decays 84]. The covariant derivative of B is given by 



D^B = d^B + [r^,B], 



(9) 



with 



r, 



u 



M - 2 

where we have introduced = U . Finally, 



(10) 



v}{d^ - irfj,)u - u{dfj, - il^)v) 



(11) 



The next order meson baryon Lagrangian contains many new terms (see for instance Ref. 33l|). 
Their importance for kaon production will be small at low energies and there are some uncertainties 
in the coupling constants. Nonetheless, for consistency with previous calculations, we will include 
the contribution to the weak magnetism coming from the pieces 



6Sb = t^sTr , a^^'^B]) + d^Tr [B{f+,, a^-'B}) 



(12) 



where the tensor can be reduced for our study to 



(13) 



In this case, the coupling constants are fully determined by the proton and neutron anomalous 
magnetic moments. The same approximation has also been used in calculations of single pion 
and kaon production 



llfi 



22l | induced by neutrinos. 
As it is the case for the A(1232) in pion production, we expect that the weak excitation of the 
S*(1385) resonance and its subsequent decay in NK may be important. The lowest order SU(3) 
Lagrangian coupling the pseudoscalar mesons with decuplet-octet baryons in presence of external 
weak current is given by 



-dec 



n ( ahcrpfi 



ade ^lJ,,b^c 



h.c}j , 



(14) 
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where is the SU(3) representation of the decuplet fields, a — e are flavour indices^, B corresponds 
to the baryon octet and is the SU(3) representation of the pseudoscalar mesons interacting with 
weak left and right handed currents (See Eq. Ilip . The parameter C ~ 1 has been fitted to 
the A(1232) decay-width. The spin 3/2 propagator for S* is given by 



(15) 



P2 _ M|. +iMs.r2. ' 

where P = p + q is the momentum carried by the resonance, q = k — k' and is the projection 
operator 



spins 



^ 3^ ^ 3 Mk 



+ 3 Me^ 



(16) 



with Ms* the resonance mass and ip^ the Rarita-Schwinger spinor. The S* width obtained using 
the Lagrangian of Eq. [14] can be written as 



(17) 



where 



r^*^Y„ = _gl f^f + ""' x^/^W^M^^m') e{W -Uy-m). (18) 



1927r V/tt/ 

Here, m, My are the masses of the emitted meson and baryon. A(x, y, z) = {x — y — z)^ — Ayz and 
is the step function. The factor Cy is 1 for A and | for N and S. 

Using symmetry arguments, the most general W^N — )• S* vertex can be written in terms of a 
vector and an axial- vector part as, 



{^*;P=p + q\V''\N;p) 
{^*■,P = p + q\A^'\N■,p) 



(19) 



where 



rTip^Q) 



M2 



f<V pV 



75 



(20) 



Our knowledge of these form factors is quite limited. The Lagrangian of Eq. [T3] gives us only 
C^(0) = -2C/\/3 (for the S*-(1385) case). However, using SU(3) symmetry we can relate all other 



The physical states of the decuplet are: Tin = A++,ri 1 

^,-/223 = Jll3 = ^,Jl33 = 75,i333 = i2 • 



A+ rri A" rri A " 

-^,Jl22 = -^,-t222 = A ,il 



13 = ^'^123 = 



6 



form factors to those of the A(1232) resonance, such that Cf * /C^ 



See Refs. 
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A+ 



3, y, 



V2. 



35l | for details of the WN IS. form- factors. In the A case, the vector form 



factors are relatively well known from electromagnetic processes and there is some information on 
the axial ones from the study of pion production. We will use the same set as in Ref. [ill . \\\ . 
where pion production induced by neutrinos has been studied, except for C^{{))^ obtained directly 
from the Lagrangian and Cq. These latter two form factors are related by PCAC so that Cq = 

In our model, we use an SU(3) symmetric Lagrangian. The only SU(3) breaking comes from 



the use of physical masses. This is expected to be a good description for t 
it was discussed for the kaon production induced by neutrinos in Ref, 



22 



le background terms, as 
Little is known about 



the SU(3) breaking for the axial couplings of the 



been found for their electromagnetic properties 



jaryon decuplet, but only a small breaking has 
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371]. Therefore, we can expect a similarly small 



uncertainty in the size of the S*(1385) contribution. 

Even from relatively low neutrino energies, other baryonic resonances, beyond the S*(1385), 
could contribute to the cross section, as they are close to the kaon nucleon threshold. However, 
their weak couplings are basically unknown. Also, the theoretical estimations of these couplings 
are still quite uncertain. Nonetheless, recent advances on the radiative decays of these resonances, 
both experimental and theoretical (see, e.g., Refs. 38, 3^) are very promising and may help to 
develop a more complete model in the future. 

Finally, we consider the (f' dependence of the weak current couplings provided by the chiral 



Lagrangians. In this work, we follow the same procedure as in Ref. [22]^ and adopt a global dipole 
form factor F{q^) = 1/(1 - q^/M^f, with a mass Mp ~ 1 GeV that multiplies all the hadronic 
currents, except the resonant one, that has been previously discussed. Its effect, that should be 
small at low neutrino energies, will give an idea of the uncertainties of the calculation and will be 
explored in the next section. 

Detailed expressions of the resulting hadronic currents J'^ containing both background and 
resonant terms are listed in the appendix lAl 



A more elaborate discussion can be found there. 
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III. RESULTS AND DISCUSSION 

We consider the following strangeness changing (IAS*! = 1) charged-current reactions: 

i>i+p 1+ + K- +p 
i>i+p /+ + + n 
+ n — ^ + + n . 



(21) 




E-(GeV) 



FIG. 2: Cross-section for the processes Vfj.N ji^N'K and v^N — !• e^N'K as a function of the antineutrino 
energy 



In Fig. [21 we show their total cross section for electronic and muonic antineutrinos as a function 
of energy. We obtain similar values to the cross sections of kaon production induced by neutrinos of 
Ref. [2^, even when there are no resonant contributions. The electronic antineutrino cross sections 
are slightly larger, but they do not present any other distinguishing feature. For all channels, 
the cross sections are very small, as compared to other processes induced by antineutrinos at 
these energies, like pion production, due to the Cabibbo suppression and to the smallness of the 
available phase space. Nonetheless, the reactions we have studied are the main source of antikaons 
for a wide range of neutrino energies. In fact, the lowest energy antikaon associate production, 
{KK, \AS\ = 0), has a quite high threshold (~ 1.75 GeV) and thus, it leads to even smaller 
cross sections in the range of energies we have explored. For instance, at 2 GeV, GENIE predicts 
antikaon production cross sections at least two orders of magnitude smaller than our calculation^. 



This has been obtained with GENIE version 2.7.1 and corresponds to KK processes. 
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As it was expected, our results would lead to a very minor signal in past experiments. For 
instance, we have evaluated the flux averaged cross-section (cr) for the MiniBooNE antineutrino 
flux [40] in the sub GeV energy region. The results are given in Table |T] and compared with the 
recent measurement of the neutral current vr'^ production per nucleon with the same flux {4l| . We 



TABLE I: (cr) for K production with MiniBooNE i'^ flux and neutral current tt" production (per nucleon) 
measured at MiniBooNE [41 1 



Process 


(a) (10-41 cm2) 


i^ii + P ^ /-i^ 




W 


0.11 






n 


0.08 




^ + - 


- n 


0.04 


C ^ 




f ^" 


14.8 ±0.5 ±2.3 



flnd that the antikaon production cross section is around two orders of magnitude smaller than the 
NC vr*^ one at MiniBooNE. Given the number of neutral pions observed for the antineutrino beam 
we expect that only a few tens of antikaons were produced in this experiment. One should notice 
here that the average antineutrino energy at MiniBooNE is well below the kaon threshold. Thus, 
we are only sensitive to the high energy tail of the flux. 

One could expect a relatively larger signal for the atmospheric neutrino z^e and induced events 
at SuperK, given the larger neutrino energies. But even there we find a very small background 
from antikaon events. Taking the antineutrino fluxes from Ref. 42] we have calculated the event 



rates for the 22.5kT water target and a period of 1489 days as in the SuperK analysis of Ref. 
We obtain 0.8 e+ and 1.5 /i+ events. Although the model has large uncertainties at high energies, 
the rapid fall of the neutrino spectrum implies that the high energy tail contributes very little to 
the background. 

We have also estimated the average cross sections for the expected antineutrino fluxes at 
T2K and MINERz/A (low energy configuration) j45| . In both cases, we have implemented 
an energy cut {E^ + Ei < 2 GeV), that insures that high energy neutrinos, for which our model 
is less reliable, play a minor role. The results are presented in Table [III For T2K, we get similar 
results to the MiniBooNE case whereas the average cross section is much larger at MINERz^A 
because of the higher neutrino energies. 

Hitherto, our results correspond to relatively low antineutrino energies, where our model is 
best suited. However, the model could also be used to compare with data obtained at much higher 
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TABLE II: {a) {IQ-^^ cm^) for K production with T2K [44] and MINERz/A [451 expected fluxes. 



Process 


(ct) MINERz^A 


(a) T2K 








+ P 


1.1 


0.07 






+ ^0- 


hn 


0.49 


0.04 






+ K- 


+ n 


0.33 


0.02 



neutrino energies selecting events such that the invariant mass of hadronic part is close to antikaon- 
nucleon threshold and the transferred momentum q is small. This procedure has been used, for 
instance, in the analysis of two pion production induced by neutrinos 

In Fig. [3l we show the size of several contributions to the v'^p — )■ fj,~^pK~ reaction. Obviously, 
this separation is not an observable and only the full cross section obtained with the sum of 
the amplitudes has a physical sense. However, it could help us to get some idea of how the 
uncertainties associated to some of the mechanisms, like the S*(1385) one, could affect our results. 
The cross section is clearly dominated by the non-resonant terms, providing the CT term the 

4e-41 
3e-41 
^ 2e-41 

D 

le-41 


0.8 1 1.2 1.4 1.6 1.8 2 

E - (GeV) 

FIG. 3: Cross-section for the process j/^p — > ji^pK^ . 




largest contribution. We see the destructive interference that leads to a total cross section smaller 
than that predicted by the CT term alone. We could also remark the negligible contribution of 
the S*(1385) channel. This fact is at variance with the strong A dominance for pion production 
and it can be easily understood because the S* mass is below the kaon production threshold. We 
have also explored, the uncertainties associated with the form factor. The curve labeled as "Full 
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Model" has been calculated with a dipole form factor with a mass of 1 GeV. The band corresponds 
to a 10 percent variation of this parameter. The effect is similar in the other channels and we will 
only show the results for the central value of 1 GeV. In Figs. U] and O we show the other two 





channels. As in the previous case the CT term is very important. We observe, however, that the 
pion-pole term gives a contribution as large as the CT one for the I'^p — t- fi^nK^ process. For the 
i^fin — )• fj,^nK^ case, we find a substantial contribution of the S* resonance, due to the larger value 
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of the couplings (see Table . As in the first case, there is some destructive interference between 
the different mechanisms participating in these processes. 

In Fig. [6l we show the distributions for the three channels at a antineutrino energy = 2 
GeV. We have checked that the reactions are always forward peaked (for the final lepton),even in 
the absence of any form factor, favouring relatively small values of the momentum transfer. We 
should notice however, that the smallness of does not imply that or q are also small. In 
fact, because of the kaon mass both energy and momentum transfer are always large. Also nucleon 
laboratory momentum, even at threshold, is quite large (~ 0.48 GeV). This implies that, for these 
processes, Pauli blocking in nuclei would be ineffective. 

In summary, we have developed a microscopical model for single antikaon production off nucleons 
induced by neutrinos based on the SU(3) chiral Lagrangians, including the lowest lying octet and 



22l |. where single kaon production 



decuplet baryons. This model is an extension of that of Ref. 
was investigated. The calculation is necessarily more complex for antikaons because resonant 
mechanisms, absent for the kaon case, could be relevant. On the other hand, the threshold for 
associated antikaon production corresponds to the K — K channel and it is much higher than for 
the kaon case (kaon-hyperon). This implies that the process we study is the dominant source of 
antikaons for a wide range of energies. All parameters of the model involving only octet baryons 
are well known: Cabibbo's angle, /jr, the pion decay constant, the proton and neutron magnetic 
moments and the axial vector coupling constants D and F. The weak couplings of the S*(1385) 
have been obtained from those of the A(1232) using SU(3) symmetry. Although they contain 
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considerable uncertainties, we find that the resonance contribution is quite small. 

We obtain for the single antikaon production cross sections similar to those of single kaon 
production, and around two orders of magnitude smaller that for pion production for antineutrino 
fluxes such as that from MiniBooNE. Nonetheless, the study may be useful in the analysis of 
antineutrino experiments at MINERi/A, NOz^A, T2K and others with high statistics and/or higher 
antineutrino energies. 



Acknowledgment s 

This work is partly supported by DGICYT Contracts No. FIS2006-03438 and FIS2008-01143, 
the Generalitat Valenciana in the program Prometeo and the EU Integrated Infrastructure Initia- 
tive Hadron Physics Project under contract RII3-CT-2004-506078. I.R.S. acknowledges support 
from the Ministerio de Educacion. M.R.A. wishes to acknowledge the financial support from the 
University of Valencia and Aligarh Muslim University under the academic exchange program and 
also to the DST, Government of India for the financial support under the grant SR/S2/HEP- 
0001/2008. 

APPENDIX 



Appendix A: Hadronic Currents 



For consistency with Eq. [3] the contributions to the hadronic current are 

/2 

J^lcT = iAcrVus^Nip') (7^ + BcT t'^Ts) N{p) 



3 I ' q^-Mk 
V2 



Nip) 



'2U ''^q^-Mi 
J% = iA^M^VUD + F) ^ N{p')^,N{p) 

J% = iA,^VusiD-3F)^^PKp^N{p'Hmp) 
2/^ [q-PkY - m^-^ 
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Process 


BcT 


Act 




Aa 


Akp 




A, 


As. 


Dn — >■ K~n 


D-F 


1 


-1 





-1 


1 


1 


2 


Dp — > l^K^p 


-F 


2 


1 

2 


1 


-2 


-1 


1 


1 


Dp l+K°n 


-D-F 


1 


1 
2 


1 


-1 


-2 





-1 



TABLE III: Constant factors appearing in the hadronic current 



j/'ls* = -iA^,—^Vus—, 0^ N(p')Pns, (K^ + VnNip) 

In Vy + r^^, the form factors are taken as for the case. The extra factors for each of the 
channels are given by Ay,* in Tab. IIIII 
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